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E-cadherin function leads to the density-dependent contact inhibition of cell growth. Because cadherins control the
overall state of cell contact, cytoskeletal organization, and the establishment of many other kinds of cell interactions, it
remains unknown whether E-cadherin directly transduces growth inhibitory signals. To address this question, we have
selectively formed E-cadherin homophilic bonds at the cell surface of isolated epithelial cells by using functionally active
recombinant E-cadherin protein attached to microspheres. We find that E-cadherin ligation alone reduces the frequency
of cells entering the S phase, demonstrating that E-cadherin ligation directly transduces growth inhibitory signals.
E-cadherin binding to �-catenin is required for cell growth inhibition, but �-catenin/T-cell factor transcriptional activity
is not involved in growth inhibition resulting from homophilic binding. Neither E-cadherin binding to p120-catenin nor
�-catenin binding to �-catenin, and thereby the actin cytoskeleton, is required for growth inhibition. E-cadherin ligation
also inhibits epidermal growth factor (EGF) receptor-mediated growth signaling by a �-catenin–dependent mechanism.
It does not affect EGF receptor autophosphorylation or activation of ERK, but it inhibits transphosphorylation of Tyr845
and activation of signal transducers and activators of transcription 5. Thus, E-cadherin homophilic binding independent
of other cell contacts directly transduces growth inhibition by a �-catenin–dependent mechanism that inhibits selective
signaling functions of growth factor receptors.

INTRODUCTION

Cell–cell adhesion mediated by cadherins is fundamental
for the differentiation and integrity of most adult tissues
(Gumbiner, 1996, 2005). E-cadherin is a major constituent of
polarized epithelial cell junctions, and it mediates cell adhe-
sion through Ca2�-dependent homophilic interaction of its
extracellular domain and interaction of its cytoplasmic do-
main with catenins. E-cadherin is also a tumor suppressor
protein, because its loss of expression or function has been
shown to be associated with tumorigenesis and tumor pro-
gression (Takeichi, 1993). Restoration of E-cadherin expres-
sion in cancer cells results in decreased invasiveness, growth
suppression, and terminal differentiation (Behrens et al.,

1989; Vleminckx et al., 1991; Perl et al., 1998; Gottardi et al.,
2001; Wong and Gumbiner, 2003).

Cadherins have also been postulated to be responsible for
the phenomenon of contact inhibition of cell growth. Con-
tact inhibition is a widely acknowledged property of cells in
tissue (Fagotto and Gumbiner, 1996), but the mechanisms
that are responsible are not well understood. Although,
there is evidence that cadherin expression can influence cell
growth rates (Watabe et al., 1994; Caveda et al., 1996; St Croix
et al., 1998; Mueller et al., 2000; Motti et al., 2005), their exact
roles in contact inhibition are not well understood. A den-
sity-dependent inhibition of cell proliferation could result
from many other factors that are indirectly influenced by the
establishment of many kinds of cell interactions (Perez-
Moreno et al., 2003) that can affect cell growth. For example,
tight junctions may limit access of growth factors or nutri-
ents to their receptors at the cell surface. Also, several sig-
naling proteins are associated with tight junctions, and they
could potentially respond to the state of cell junctions
(Gibson and Perrimon, 2003; Funke et al., 2005; Matter et al.,
2005). Furthermore, the facilitation of other types of molec-
ular cell interactions, including gap junctions, juxtacrine
ligand–receptor interactions (such as transforming growth
factor-� and epidermal growth factor receptor [EGFR] or
Notch and Delta, and receptor tyrosine phosphatases), all
depend on intimate cell contacts (Bosenberg and Massague,
1993; Fagotto and Gumbiner, 1996). Even some growth fac-
tors (including Wnts, fibroblast growth factor [FGF], and
bone morphogenetic proteins) are known to act over ex-
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tremely short distances or only when cells form contacts,
presumably because they diffuse poorly through the extra-
cellular matrix.

Nevertheless, the observed associations of cadherins and
adherens junctions with signaling proteins and growth fac-
tor receptors raises the possibility that cadherins directly
generate growth related signals. For example, by manipu-
lating overall cell adhesion and junction assembly, several
studies have shown recruitment of phosphatidylinositol
3-kinase (PI3K) to adhesive contacts through a tyrosine ki-
nase activity (Pece et al., 1999; Shinohara et al., 2001) and to
signal to the Rho family of GTPase (Braga et al., 1999). Some
studies used a functional cadherin ligand to specifically
engage cadherins to show that E-cadherin homophilic liga-
tion signals directly through PI3K, Rac, and Src activity
(Noren et al., 2001; Kovacs et al., 2002; Lambert et al., 2002;
Pang et al., 2005). Moreover, cadherins interact with growth
factor receptors at the cell surface, and cell adhesion can
modulate growth factor signaling activities (Takahashi and
Suzuki, 1996; Pece and Gutkind, 2000; Qian et al., 2004).

In addition to its role in adhesion, �-catenin is involved in
Wnt signal transduction, and it interacts with transcription
factors of the leukocyte enhancer factor (LEF)/T-cell factor
(TCF) family to regulate transcription of target genes impli-
cated in cell growth control, such as cyclin D1 and c-myc
(van Noort and Clevers, 2002). By sequestering �-catenin at
the cell surface, cadherins have been shown to antagonize
�-catenin signaling pathways and to induce growth inhibi-
tion (Heasman et al., 1994; Fagotto et al., 1996; Orsulic et al.,
1999; Shtutman et al., 1999; Gottardi et al., 2001).

Although cadherins have been implicated in growth inhi-
bition and signaling, their roles in contact inhibition relative
to other cell–cell interactions and other surface receptors are
not well understood. The main purpose of this article was to
determine whether engagement of E-cadherin in a ho-
mophilic adhesive bond independent of all other cell inter-
actions is capable of transducing a growth inhibitory signal.
Because the molecular interactions present at a normal epi-
thelial cell–cell contact are so diverse and complex, we have
selectively engaged the E-cadherin interaction at the cell
surface of isolated epithelial cells to determine its role in
growth regulation.

MATERIALS AND METHODS

Cell Culture and Antibodies
The human colon carcinoma cell lines HT29 and SW480 and the human
mammary adenocarcinoma cell line MCF-7 were obtained from American
Type Culture Collection (Manassas, VA). HT29 and MCF-7 cells were main-
tained in 1:1 ratio of DMEM and Ham’s F-12 nutrient medium (Invitrogen,
Carlsbad, CA), and SW480 cells were maintained in DMEM. Each medium
contains 10% fetal bovine serum (FBS), 1% l-glutamine, 100 U/ml penicillin,
and 100 �g/ml streptomycin. The human mammary epithelial cells (HMEC;
Cambrex Bio Science Walkersville, Walkersville, MD) were maintained in
serum-free mammary epithelial cell growth medium (MEGM; Cambrex Bio
Science Walkersville) supplemented with growth factors (MEGM singlequots;
Cambrex Bio Science Walkersville). The human epidermal keratinocytes
(HEK; Cell Applications, San Diego, CA) were maintained in HEK growth
medium (Cell Applications). The stably transfected Chinese hamster ovary
(CHO) cells expressing secreted and wild-type form of human E-cadherin and
the stably transfected SW480 and MDA-MB-231 cells expressing wild-type
and mutant forms of E-cadherin were cultured as described previously (Got-
tardi et al., 2001; Niessen and Gumbiner, 2002, Wong and Gumbiner, 2003).
The human epidermoid carcinoma cell line A431 was maintained in DMEM
high-glucose medium. In epidermal growth factor (EGF) studies, cells were
grown in 0.5% FBS-containing medium before treated with 10 ng/ml EGF
(Sigma-Aldrich, St. Louis, MO).

The following antibodies were used to perform the experiments: anti-�2
microglobulin (HLA; Santa Cruz Biotechnology, Santa Cruz, CA), anti-
Na�K�-ATPase �1 subunit (Upstate Biotechnology, Lake Placid, NY), anti-5-
bromodeoxyuridine (BrdU) (Upstate Biotechnology), anti-human E-cadherin

(BD Biosciences Transduction Laboratories, Lexington, KY), monoclonal anti-
human �-catenin (BD Transduction Laboratories), polyclonal anti-�-catenin
(McCrea et al., 1993), anti-actin (Sigma-Aldrich, St. Louis, MO), anti-phospo-
EGFR (Tyr1173) (Santa Cruz Biotechnology), anti-phospho-EGFR (Tyr845)
(BioSource International, Camarillo, CA), anti-phospho-extracellular signal-
regulated kinase (ERK) (Cell Signaling Technology, Danvers, MA), and anti-
phospho-signal transducers and activators of transcription 5 (p-STAT5) (Tyr
694) (Cell Signaling Technology).

Preparation of Protein-coated Microspheres
and Protein-coated Glass Coverslips
Protein A-coated polystyrene microspheres (1 �M carboxylate modified; ei-
ther dyed fluorescent red or not) were obtained from Bangs Laboratories
(Fishers, IN). They were washed twice in 1 mM sodium acetate, pH 3.9, and
twice in 20 mM HEPES, 50 mM NaCl, and 1 mM CaCl2, pH 7.2. Then, either
a rabbit anti-mouse antibody (The Jackson Laboratory, Bar Harbor, ME) plus
the anti-HLA or Na�K�-ATPase monoclonal antibodies, or the Fc-hE recom-
binant protein (Chappuis-Flament et al., 2001), was bound to the microspheres
at a ratio of 100 �g of protein per 100 �l of microspheres suspension in 20 mM
HEPES, 50 mM Nacl, 1 mM CaCl2, pH 7.2, shaking for 1 h at 4°C. The coated
beads were washed twice in 20 mM HEPES, 50 mM NaCl, and 1 mM CaCl2,
pH 7.2, and incubated with 1% bovine serum albumin (BSA) for 1 h at 4°C to
block nonspecific binding. They were then washed and resuspended in 1 ml
of sterile phosphate-buffered saline (PBS) supplemented with 1 mM CaCl2
and 0.5 mM MgCl2 (PBS��), and 10 �l per milliliter of medium was added to
coat the surface of the cells. For each experiment, protein-coated microspheres
were freshly prepared.

The experiments were also done using protein-coated glass coverslips, in
which coverslips were coated overnight at 4°C with maximum amount of
protein: 10 �g of fibronectin along with either 10 �g of Fc-hE or 10 �g of
anti-HLA antibody. Coverslips were washed in PBS�� and coated with 1%
BSA in PBS�� for 1 h at 4°C before plating cells.

Cell Proliferation Assay
Cells growing under standard conditions were harvested in a way to preserve
E-cadherin molecules at the cell surface (Chappuis-Flament et al., 2001). Cell
monolayers were washed twice in PBS�� and incubated with 0.01% trypsin
in PBS��. Cells were then washed and resuspended in complete media
culture for plating.

Five hundred cells/well were plated on 24-well plates containing glass
coverslips coated with 10 �g of fibronectin and incubated for 2 h to allow cell
attachment. Then, 10 �l of Fc-hE or anti-HLA or anti-Na�K�-ATPase–coated
beads suspension was added per well, and the 24-well plates were incubated
with gentle agitation for 24 and 48 h at 37°C and 5% CO2 atmosphere. In other
cases, cells were plated directly on fibronectin/Fc-hE or fibronectin/anti-HLA
or anti-Na�K�-ATPase 1 subunit antibodies-coated coverslips. To evaluate
cell proliferation, at 16 h before fixing cells, 50 �M BrdU, a marker of DNA
replication, was added per well. Cells were fixed in 4% paraformaldehyde 24
and 48 h after beads were added to cells. Coverslips were washed, and BrdU
incorporation was detected by immunofluorescence, by using an anti-BrdU
monoclonal antibody (Upstate Biotechnology), whereas nuclei were detected
by staining with 4,6-diamidino-2-phenylindole (DAPI). The BrdU-labeled
cells were counted from population of completely isolated cells present on the
coverslips, and the percentage of BrdU incorporation in this population was
calculated.

Each experiment was performed in duplicate and repeated at least three
times. Three independent clones of each of the E-cadherin constructs express-
ing SW480 cells were used, but only results for one clone are shown. Data are
expressed as mean � SEM. Statistical significance was determined by un-
paired Student’s t test; p � 0.05 was considered significant.

Small Interfering RNA (siRNA) Transfection
siRNA duplex oligonucleotides (Dharmacon RNA Technologies, Lafayette, CO)
(13.5 �g/100-mm plate) targeting �-catenin mRNAs (�-cat#1, 5�-AAGUCCU-
GUAUGAGUGGGAAC-3�; �-cat#2, 5�-AAAGCUGAUAUUGAUGGACAG-3�;
or �-cat#3, 5�-AACAGUUGUGGUUAAGCUCUU-3�) (Deng et al., 2002, Verma et
al., 2003) or green fluorescent protein (GFP) mRNA (5�-GGCTACGTCCAG-
GAGCGCACC-3�) as a negative control was transfected using Oligofectamine
(Invitrogen). After 24 h, transfected cells were harvested, and cell proliferation
assay was performed as described previously.

Cell Growth Assays
Cells (1 � 105) previously transfected with siRNA-targeting �-catenin (�-
cat#1) or GFP mRNAs were plated on six-well plates in regular media. At
regular intervals, cells were harvested and counted using a Malasez cell. Data
are expressed as mean � SEM.

Transient Transfection
Cells (15 � 103 cells/well) were seeded in glass coverslips in 24-well plates.
They were transfected using Effectene (QIAGEN, Valencia, CA) with 0.5 �g of
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the �-catenin–engrailed repressor fusion construct, 0.5 �g of the dominant-
negative XTCF-3, and 0.5 �g of the activated VP16–TCF fusion construct.
They were cotransfected with 0.5 �g of pEGFP vector expressing green
fluorescent protein (Clontech, Palo Alto, CA) to detect transfected cells. After
24 h, transfected cells were harvested, and cell proliferation was performed as
described previously. BrdU-labeled cells were quantified from the total num-
ber of transfected GFP-positive isolated cells.

To determine TCF activity, cells were transiently transfected with 0.5 �g
of the TOPFLASH or FOPFLASH reporter plasmids by using Effectene
(QIAGEN). Transfection efficiencies were determined by cotransfection of the
pRL-TK reporter construct that contained the Renilla luciferase cDNA. Activ-
ities of firefly and Renilla luciferases were measured sequentially from a single
sample by using the dual-luciferase reporter assay system (Promega, Madi-
son, WI). Results are expressed as relative luciferase units normalized to
Renilla luciferase. Data are expressed as mean � SEM.

Quantification of Apoptotic Cells
The terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
assay was performed using the terminal transferase and biotin-16-dUTP
system as described in the manufacturer’s instruction manual (Roche Diag-
nostics, Indianapolis, IN). Data are expressed as mean � SEM.

Immunofluorescence
A431 cells were serum starved and treated with beads coated with either
anti-HLA or Fc-hE-cadherin overnight. Then, cells were stimulated with 10
ng/ml EGF for the indicated time. For phospho-EGFR staining, cells were
fixed with methanol at �20°C for 5 min; for phospho-ERK staining, they were
fixed with 4% paraformaldehyde for 15 min; and for phospho-STAT5 stain-
ing, fixation was with 4% paraformaldehyde for 15 min followed by methanol
at �20°C for 5 min. Coverslips were blocked with 5% milk/PBS and incu-
bated with primary antibodies. Samples were examined on an upright im-
munofluorescence microscope by using 63� oil immersion lens (Carl Zeiss,
Thornwood, NY). To determine the percentage of positive cells for the various
antibodies, isolated cells were identified by DAPI staining of nuclei. Positive
cells were those that exhibited detectable immunofluorescence staining over
background; examples are shown in Figures 8B and 9A. The negative cells

were scored as for those with DAPI nuclear staining, but no detectable
immunofluorescence staining with the antibody was used.

RESULTS

E-Cadherin Ligation Reduces Entry of Epithelial Cells
into S Phase
To measure the direct effect of E-cadherin on cell prolifera-
tion, we have used a specially designed experimental sys-
tem. Epithelial cells expressing E-cadherin were harvested
under conditions that minimize removal of the surface E-
cadherin (Chappuis-Flament et al., 2001). Because epithelial
cells have a tendency to form cell clusters, we have grown
them at very low density to avoid establishment of any
cell–cell interactions and any contact-dependent signaling.
Although almost half of cells still formed clusters, we fo-
cused our attention only on isolated cells devoid of all
cell–cell contacts to ensure that they did not already receive
growth inhibitory signals from endogenous junctions. Cells
were grown under conditions in which they received
strong growth stimulatory signals, from serum in the
medium, and from attachment to fibronectin on the sub-
strates (Figure 1A). Cadherin molecules present at the cell
surface were specifically engaged using purified and func-
tionally active chimeric extracellular domain of E-cadherin
fused to the immunoglobulin (IgG) Fc domain (Fc-hE),
developed previously in our laboratory (Niessen and
Gumbiner, 2002; Figure 1, A and B). Fc-hE was presented to
cells either attached to microspheres or by cocoating them

Figure 1. E-cadherin ligation inhibits prolif-
eration of isolated primary cells. (A) Sche-
matic model of the approach used to selec-
tively engage E-cadherin onto homophilic
adhesive bonds at the cell surface. Cells were
grown under conditions that stimulate cell
growth from serum in the medium and plat-
ing on fibronectin. E-cadherin ligation was
activated at the cell surface either by Fc-hE–
coated microspheres or by cocoating Fc-hE
with fibronectin on the coverslips. Antibodies
directed against HLA or Na�K�-ATPase-1
subunit molecules were used as controls for
ligand specificity. (B) Binding of anti-HLA–,
anti-Na�K�-ATPase-1–, and Fc-hE–coated
microspheres to the surface of HEMC. Micro-
spheres were added in sufficient quantities to
cover the surface of cells plated under sparse
condition to avoid other types of cell–cell in-
teractions. Blue, DAPI-stained nuclei and red,
coated beads. (C and D) Activation of E-cad-
herin ligation by using Fc-hE–coated micro-
spheres triggers a strong and specific growth
inhibitory signal by reducing the number of
isolated HMEC (C) and HEK (D) cells enter-
ing into S phase as determined by BrdU in-
corporation compared with ligation control.
(E and F) Activation of E-cadherin ligation by
using Fc-hE–coated coverslips specifically re-
duces the number of isolated HMEC (E) and
HEK (F) entering into S phase as determined
by BrdU incorporation compared with liga-
tion control. Data are expressed as mean �
SEM (*p � 0.05).
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with fibronectin on the coverslips. Antibodies against two
other cell surface proteins, class I MHC (HLA �2 micro-
globulin) and the Na�K�-ATPase �1 subunit, were used as
controls for ligand specificity of bead attachment to cell
surface (Figure 1, A and B). After 24 and 48 h, the percentage
of isolated proliferating cells was determined by measuring
the incorporation of BrdU by using an indirect immunoflu-
orescence microscopy.

In initial experiments, primary cells were used because
they are not transformed, and we could expect that they
retain contact inhibition properties. Early passages of two
human primary cells from different origins, HMEC and
HEK, were used in our assays. When E-cadherin homophilic
ligation was activated at the cell surface with Fc-hE–coated
microspheres, levels of BrdU incorporation in HMEC and
HEK cells were specifically and substantially reduced com-
pared with anti-HLA and anti-Na�K�-ATPase ligation con-
trols (Figure 1, C and D). To rule out that the observed
growth inhibitory effect mediated by Fc-hE–coated micro-
spheres was due to engulfment and phagocytic signaling
rather than specific homophilic engagement of E-cadherin at
the cell surface, we presented E-cadherin to cells by plating
them onto Fc-hE–coated coverslips. Fc-hE was still able to
inhibit cell growth compared with ligation controls in
HMEC cells (Figure 1E) and HEK cells (Figure 1F). We also
asked whether these results were secondary to an increase in
the rate of apoptosis by using the TUNEL assay. As shown
in Table 1, the apoptosis rate was very low in HMEC cells,
and the engagement of E-cadherin onto the cell surface
(Fc-hE) did not alter the number of apoptotic cells, com-
pared with ligation controls (anti-HLA). Thus, homophilic
ligation of E-cadherin at the cell surface can directly trans-
duce a growth inhibitory signal to the cells, which does not
involve changes in apoptosis.

Because established cell lines offer many experimental
advantages, we have also determined whether E-cadherin
homophilic binding was capable of reducing the prolifera-
tion of epithelial cell lines. We selected the human breast
adenocarcinoma MCF-7 and the human colon carcinoma
HT29 cell lines because they are known to be well differen-
tiated in culture, and they express endogenous E-cadherin.
The engagement of E-cadherin into homophilic adhesive
contacts at the cell surface by using Fc-hE–coated micro-
spheres reduced the percentage of HT29 (Figure 2A) and
MCF-7 cells (Figure 2B) in S phase compared with anti-HLA
and anti-Na�K�-ATPase ligation controls. Moreover, there
was no significant effect on apoptosis rate, which was very
low in the different cell lines used in this study (Table 1). In
contrast, CHO cells expressing hE-cadherin did not exhibit
reduced growth rates upon engagement of E-cadherin at the
cell surface (Figure 2C). This could be explained by the fact
that this is a highly transformed cell line that has lost contact

inhibition, and expression of E-cadherin alone is not enough
to inhibit cell growth.

To test the specificity of our cellular model, we then
determined the percentage of BrdU-positive cells from two
different cell populations: isolated cells versus clustered cells
that already have extensive E-cadherin–mediated contacts.
Binding of Fc-hE–coated microspheres promoted a decrease
in the proliferation of MCF-7 (Figure 2D) and HT29 (data not
shown) isolated cells, compared with HLA ligation control.

Table 1. Apoptosis rate of different cell lines after E-cadherin liga-
tion onto homophilic adhesive bonds by TUNEL assay

Cell
type

Time
(h)

Anti-HLA
(% TUNEL-positive

cells)

Fc-hE
(% TUNEL-positive

cells)

HUMEC 24 1.60 � 1.50 1.08 � 0.87
48 1.50 � 0.10 1.35 � 0.15

HT29 24 1.67 � 0.03 1.22 � 0.87
48 1.92 � 0.05 1.7 � 0.02

MCF-7 24 2.40 � 0.64 1.13 � 0.36
48 2.20 � 0.05 2.19 � 0.09

Figure 2. E-cadherin ligation inhibits the proliferation of isolated
cells of certain cell lines. (A and B) E-cadherin ligation inhibits cell
proliferation in isolated HT29 colorectal cancer cells (A) and MCF-7
breast cancer cells (B), respectively, as determined by percentage of
BrdU incorporation compared with anti-HLA ligation control. (C)
E-cadherin engagement at cell surface had no effect on cell growth
in E-cadherin–expressing CHO cells compared with anti-HLA liga-
tion control. (D) E-cadherin ligation inhibits the proliferation of
isolated MCF-7 cells, whereas no effect is observed on clustered
cells. Data are expressed as mean � SEM (*p � 0.05).
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In clustered cells, beads coated with Fc-hE had no effect on
cell growth compared with beads coated with HLA. Pre-
sumably, in clustered cells, E-cadherin–E-cadherin interac-
tions (cell–cell contacts) have occurred, and signaling path-
ways(s) involved in cell growth inhibition have probably
already been stimulated.

The E-Cadherin Growth Inhibitory Effect Is Dependent on
�-Catenin
The cytoplasmic domain of E-cadherin binds directly to
p120ctn and �-catenin, each of which could play a role in cell
growth suppression. To analyze the potential roles of these
proteins in the inhibition of cell growth mediated by E-
cadherin, wild-type E-cadherin and various E-cadherin mu-
tant and chimera constructs were expressed in the SW480
colon cancer cell line and the MDA-MB-231 breast cancer
cell line (Gottardi et al., 2001; Figure 3A). The re-expression
of E-cadherin in SW480 (SW480/E-cadherin full length [FL])
cells causes the binding of Fc-hE–coated beads at the cell
surface (Figure 3B) and the cell growth inhibition mediated
by E-cadherin beads compared with SW480 parental cells
(compare Figure 3D with C). The E-cadherin/�-catenin fu-
sion chimera and E-cadherin � �-catenin mutant lack the
ability to bind �-catenin, but they can still mediate physical
cell adhesion (Gottardi et al., 2001). Fc-hE–coated beads

bound to the cell surface of SW480 cells expressing E-cad-
herin � �-catenin mutant (data not shown) but had no
significant effect on their proliferating rate, when compared
with the anti-HLA ligation control (Figure 3E). In SW480
E-cadherin/�-catenin fusion-expressing cells, Fc-hE beads
bound to the cell surface (data not shown), but they had no
significant effect on cell proliferation (Figure 3F). The E-
cadherin � p120ctn construct, which is not capable of binding
to p120ctn, mediated cell growth inhibition induced by E-
cadherin beads (Figure 3G), indicating that direct binding of
p120ctn to E-cadherin is not necessary for the growth inhib-
itory effect. Similar results were observed using the MDA-
MB-231 cell line, which expressed the different E-cadherin
constructs by using a tetracycline-inducible system (Supple-
mental Figure 1S). The differences in cell growth inhibition
mediated by E-cadherin ligation do not likely result from
differences in the levels of expression of E-cadherin con-
structs (Figure 3H). Only the E-cadherin–�-catenin fusion
protein (which is bigger �220 kDa) is expressed at some-
what lower levels. However, a previous study showed that
this cell line expressing the E-cadherin–�-catenin fusion ex-
hibited adhesive activity as good as the wild-type cadherin,
even though it is less well expressed (Gottardi et al., 2001).
Moreover, the E-cadherin � �-catenin–expressing cell line
exhibited even stronger adhesive activity than the wild-type

Figure 3. �-Catenin binding domain of E-
cadherin is necessary for inhibition of SW480
cell proliferation by E-cadherin ligation. (A)
Schematic diagram of E-cadherin constructs
used in this study (Gottardi et al., 2001). (B)
Microspheres coated with antibody directed
against HLA bind SW480 parental and
SW480/E-cadherin FL cells, whereas micro-
spheres coated with Fc-hE bind only SW480/
E-cadherin FL cells. (C–G) Effects of Fc-hE–
coated microspheres binding to cell surfaces
on cell proliferation of isolated SW480 paren-
tal and SW480 cells expressing wild-type and
mutant forms of E-cadherin as determined by
BrdU incorporation compared with anti-HLA
ligation control. (C) SW480 parental cells. (D)
SW480/E-cadherin FL cells. (E) SW480/E-
cadherin � �-catenin cells. (F) SW480/E-cad-
herin/�-catenin cells. (G) SW480/E-cadherin
� p120ctn cells. (H) Western blot of E-cadherin
in lysates from SW480 cells expressing wild-
type E-cadherin and various E-cadherin mu-
tant and chimera constructs. (I) Indirect im-
munofluorescence staining of E-cadherin in
SW480 cells expressing wild-type E-cadherin
and various E-cadherin mutant and chimera
constructs. Data are expressed as mean �
SEM (*p � 0.05).
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cadherin–expressing cells. Furthermore, each construct was
localized to the region of cell contacts in confluent cells
(Figure 3I). These data strongly suggest that the �-catenin
binding domain of E-cadherin is involved in cell growth
inhibition mediated by E-cadherin ligation.

The observation that the �-catenin binding domain is
required for E-cadherin induced inhibition of cell growth
suggests that �-catenin may be involved in the growth in-
hibition signaling pathway. To test this hypothesis, we de-
pleted �-catenin levels with siRNA, by using three distinct
specific siRNAs shown previously to deplete �-catenin
(Deng et al., 2002; Verma et al., 2003). Treatment of cells with
�-catenin siRNAs (�-cat#1, �-cat#2, and �-cat#3) resulted in
a decrease in �-catenin levels in MCF-7 and SW480/E-cad-
herin FL cells (Figure 4A). Treatment with siRNA targeting
the GFP sequence, as negative control, had no effect. �-Cate-
nin depletion lasted 4–5 d for both cell lines (data not
shown). Immunofluorescence studies showed �-catenin
staining only at cell contacts in MCF-7 cells transfected with
siRNA-targeting GFP (control), and no or very weak stain-
ing with siRNAs targeting �-catenin (Figure 4B). In SW480/
E-cadherin FL cells, �-catenin is highly expressed in cytosol
and nucleus (Figure 4B). After transfection with siRNAs
against �-catenin, �-catenin expression is significantly re-
duced overall (Figure 4, A and B). By western blotting
(Figure 4A) and immunofluorescence (Figure 4B), we

showed that E-cadherin expression and localization are not
affected by �-catenin depletion.

Depletion of �-catenin by any of the three siRNAs resulted
in the loss of cell growth inhibition mediated by E-cadherin
ligation in MCF-7 cells (Figure 4C) and SW480/E-cadherin
FL cells (Figure 4D). siRNA against GFP had no effect on cell
growth inhibition. To test the specificity of the siRNAs, we
then performed rescue experiments by using three different
siRNA-resistant �-catenin expression vectors that encode
�-catenin containing silent mutations in the regions targeted
by the siRNAs (Supplemental Figure 2SA). �-Catenin en-
coded by these cDNAs was expressed in the presence of
siRNAs targeting �-catenin (Supplemental Figure 2S, B–E).
Moreover these constructs rescued the cell growth inhibition
mediated by E-cadherin in an siRNA-specific manner in
MCF-7 and SW480/E-cadherin FL cells (Supplemental Fig-
ure 2S, F and G). Therefore, �-catenin is required for cell
growth inhibition signaling mediated by E-cadherin ligation
at the cell surface. To confirm the role of �-catenin under
standard cell culture conditions, we examined the effects of
�-catenin depletion on the growth rate in normal cultures.
After �-catenin depletion, we observed an increase of cell
growth rate in MCF-7 (Figure 4E) and SW480/E-cadherin FL
cells (Figure 4F). These data suggest that �-catenin plays a
role in the inhibition of cell proliferation, perhaps as a me-
diator of the E-cadherin growth inhibitory effects.

Figure 4. �-Catenin depletion eliminates E-
cadherin–mediated growth inhibition and in-
creases cell proliferation. (A) Western blot of
�-catenin and E-cadherin in lysates from cells
transfected with or without siRNA against
GFP or �-catenin (three different targets inside
�-catenin coding sequence: �-cat#1, �-cat#2,
and �-cat#3; see Materials and Methods). (B)
Indirect immunofluorescence staining of
�-catenin and E-cadherin in MCF-7 and
SW480/E-cadherin FL cells transfected with
siRNAs against GFP or �-catenin. (C and D)
Binding of Fc-hE–coated microspheres pro-
mote a specific decrease in the proliferation of
cells transfected with siRNA targeting GFP
protein in MCF-7 (C) and SW480/E-cadherin
FL (D) cells, respectively. These effects were
lost when cells were transfected with siRNA
targeting �-catenin. (E and F) MCF-7 and
SW480/E-cadherin FL cells transfected with
siRNA targeting GFP (circles) or �-catenin
(squares) were plated at 105 cells/well, and
then they were harvested at the indicated
times, and the number of viable cells was
counted. Data are expressed as mean � SEM
(*p � 0.05).
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We then examined whether certain binding domain(s) of
�-catenin are required for cell growth inhibition mediated
by E-cadherin. Three different vectors expressing �-catenin
mutants were tested for their ability to rescue siRNA-de-
pleted �-catenin (all either lacking of siRNA target se-
quence): 1) �N89 lacks N-terminal regulation domain in-
volved in �-catenin degradation, 2) �N132 lacks the
�-catenin binding domain, and 3) �C695 lacks the transcrip-
tion transactivation domain and the regulatory domain that
can inhibit binding to cadherin (Figure 5A). These deleted
forms of �-catenin are all known to interact with cadherin
(Funayama et al., 1995; Fagotto et al., 1996). In MCF-7 (Figure
5B) and also in SW480/E-cadherin FL cells (data not shown),
transient cotransfection of these three constructs in the pres-
ence of siRNA �-cat#1 rescued cell growth inhibition medi-
ated by E-cadherin ligation, compared with control cells
transfected with pcDNA3 empty vector. We also tested a
�-catenin construct deleted for the last C-terminal 314 amino
acids (�C468), but this construct did not rescue cell growth
inhibition mediated by E-cadherin ligation (data not shown).
However, the �C468 construct did not localize to cell con-

tacts (data not shown). This is not surprising because all 12
armadillo repeats have been shown to be involved in the
interaction of �-catenin with E-cadherin (Huber and Weis,
2001); therefore, no other construct with deletion inside ar-
madillo region have been tested in this experiment. These
data suggest that �-catenin–�-catenin interactions, N-termi-
nal regulatory and C terminal regulatory and transactivation
domains of �-catenin are not required for the transduction of
cell growth inhibition signals induced by E-cadherin liga-
tion.

Specific Engagement of E-Cadherin Inhibits Cell Growth
by a TCF-independent Mechanism
As a mediator of the Wnt signaling pathway, �-catenin can
regulate cell growth by its interaction with TCF/LEF tran-
scription factors to modulate the gene expression (van Noort
and Clevers, 2002). E-cadherin expression can inhibit nuclear
�-catenin signaling and cell growth in an adhesion-indepen-
dent manner (Fagotto et al., 1996; Orsulic et al., 1999; Shtutman
et al., 1999; Gottardi et al., 2001), but it is not known whether
E-cadherin homophilic ligation alters �-catenin nuclear signal-
ing. Our finding that the C-terminal transcription activation
domain of �-catenin is not required for E-cadherin ligation-
induced growth inhibition (Figure 5B) indicates that Wnt/�–
catenin signaling pathway may not be involved.

To test directly whether the inhibition of cell growth by
E-cadherin beads is mediated by �-catenin/TCF signaling,
we used two constructs that have been used to inhibit or
activate �-catenin/TCF transcriptional activity. �-Catenin
fused to the engrailed repressor domain chimera (�-cat/
engrailed) potently inhibits �-catenin/TCF–mediated tran-
scription and a form of TCF fused to the potent VP16 trans-
activation domain (VP16/TCF) is constitutively active
(Montross et al., 2000; Vonica et al., 2000). Neither of the
constructs had any effect on the growth of HT29 or MCF-7
cells or on the cell growth inhibition induced by E-cadherin
ligation at the surface of HT29 and MCF-7 cells (Figure 6A).
Therefore, �-catenin/TCF transcriptional activity does not
seem to have a role in transducing the E-cadherin growth
inhibitory signal in HT29 and MCF-7 cell lines.

Alternatively, with SW480/E-cadherin FL cells, inhibition
of �-catenin/TCF nuclear signaling with �-cat/engrailed
significantly inhibited the number of cells entering the S
phase even without E-cadherin ligation (Figure 6A). This is
consistent with earlier reports showing that �-catenin/TCF
transcription controls SW480 cell proliferation which is in-
hibited by �-cat/engrailed (Gottardi et al., 2001). However,
this result differed from those obtained in the siRNA exper-
iments in which �-catenin depletion blocked E-cadherin li-
gation induced growth inhibition but not basal cell growth
(Figure 4D and 2S). Because �-catenin depletion by siRNA
was incomplete, we hypothesize that �-cat/engrailed differs
because it causes a more complete inhibition of �-catenin/
TCF transcriptional activity in SW480 cells than �-catenin
siRNA. To test this, we assayed �-catenin/TCF-dependent
transcription directly in SW480 cells using the TOP/FOP-
FLASH reporter assay. siRNAs targeting specifically �-cate-
nin caused 40–60% inhibition of TCF activity (Figure 6B),
whereas �-cat/engrailed and dominant-negative TCF had
much stronger effects (	90% inhibition of TCF activity).
Thus, siRNA depletion of �-catenin seems to selectively
inhibit E-cadherin ligation-driven inhibition of cell growth
with relatively less effect on �-catenin/TCF transcriptional
regulation of growth.

The difference between the effects of siRNA and domi-
nant-negative �-cat/engrailed constructs on SW480/E-cad-

Figure 5. N-terminal and transactivation domains of �-catenin are
not involved in cell growth inhibition signaling. (A) Schematic
diagram shows where �-catenin, E-cadherin, and TCF interact with
�-catenin (Kolligs et al., 1999). In addition to �-catenin FL, the
structures of deleted �-catenin constructs are indicated. The star
indicates sites of mutation introduced into the �-catenin DNA se-
quence in the siRNA#1 target region. (B) MCF-7 cells were tran-
siently transfected with siRNA#1 or control siRNA and cotrans-
fected with either empty pcDNA3 or expression vectors encoding
deleted �-catenin forms (�N89, �N132, or �C695). Expression of
�N89, �N132, and �C695 �-catenin forms is able to rescue cell
growth inhibition mediated by E-cadherin in presence of siRNA
targeting �-catenin. Data are expressed as mean � SEM (*p � 0.05).
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herin FL cell growth suggests that they affect different pools
of �-catenin. We therefore asked whether siRNA depletion
affected the E-cadherin–�-catenin interactions in MCF-7 and
in SW480/E-cadherin FL cells by using coimmunoprecipita-
tion assays (Figure 6C). The E-cadherin/�-catenin associa-
tion was greatly reduced in both cell lines (95% of decreased
in MCF-7 cells and 85% in SW480/E-cadherin FL cells) when
the cells were treated with siRNA (compare lane 2 with lane
1). In MCF-7 cells, there is almost no cytosolic �-catenin
even before siRNA treatment; therefore, �-catenin deple-
tion occurs entirely in the E-cadherin–associated pool. In
SW480/E-cadherin FL cells, the �-catenin cytosolic pool

(supernatant) was also decreased proportionately, but the
total amount of cytosolic �-catenin remained significant;
note that only 4% of supernatant was loaded in the gel
lane. These results suggest that in this cell line, siRNAs
against �-catenin inhibited the growth inhibition medi-
ated by E-cadherin ligation by strongly decreasing the
amount of E-cadherin–associated �-catenin. In MCF-7
cells, there is no cytosolic pool of �-catenin to contribute
to TCF-driven cell proliferation, whereas in SW480/E-
cadherin FL cells, the cytosolic pool of �-catenin may not
be sufficiently depleted to significantly reduce �-catenin/
TCF– driven cell proliferation.

Figure 6. No role for �-catenin/TCF-dependent gene activity in E-cadherin–mediated inhibition of cell growth. (A) HT29, MCF-7, and
SW480/E-cadherin FL cells were transiently transfected with GFP alone or with either �-cat/engrailed (dominant-negative) or VP16/TCF
(constitutively active TCF) expression vectors. Isolated transfected cells were identified by GFP expression and proliferation assayed by BrdU
incorporation. (B) SW480/E-cadherin FL cells were transfected with siRNAs targeting �-catenin, dominant-negative �-catenin–engrailed or
dominant-negative TCF (DN TCF). At 24 h posttransfection, the cells were transfected transiently with either TOPFLASH or FOPFLASH
reporter to determine TCF activity. (C) E-cadherin was immunoprecipitated (IP) from detergent lysates of subconfluent MCF-7 or SW480/
E-cadherin FL cells treated with (lane 2 and 4) and without (lane 1 and 3) siRNA against �-catenin for 24 h. The total immunoprecipitates
and 4% of the supernatant (Sup) were analyzed by western blotting for �-catenin and E-cadherin. Data are expressed as mean � SEM (*p �
0.05).
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In conclusion, our data show that cell growth inhibition
mediated by E-cadherin ligation is independent of �-cate-
nin/TCF/Lef signaling pathway and by siRNA technique,
�-catenin depletion decreases significantly E-cadherin–�-
catenin interaction.

Specific Engagement of E-Cadherin Inhibits EGF-mediated
Signaling and Cell Growth
The EGFR, a tyrosine kinase, is known to colocalize with
E-cadherin to basolateral areas of epithelial cells and to form
complex with E-cadherin (Hoschuetsky et al., 2004; Pece and
Gutkind, 2000; Qian et al., 2004). Cell–cell contact has been
found to either inhibit EGF-dependent activation of EGFR
(Takahashi and Suzuki, 1996; Qian et al., 2004) or transiently
activate EGFR signaling (Pece and Gutkind, 2000), and these
effects have been attributed to the interaction of E-cadherin
with EGFR. These studies did not distinguish between E-
cadherin homophilic binding and the complex process of
cell–cell contact formation. Therefore, we tested the direct
role of E-cadherin ligation on EGF signaling, because in our
cellular model involving isolated cells, only E-cadherin in-
teractions are engaged at the cell surface.

First, we determined that EGF was able to stimulate cell
proliferation in MCF-7 (Figure 7A) and SW480/E-cadherin
FL cells (Figure 7B) grown in low serum (0.5%) in the pres-
ence of beads coated with anti-HLA. However, in the pres-
ence of beads coated with Fc-hE, EGF treatment did not
increase BrdU incorporation. Depletion of �-catenin by
siRNA was able to restore cell proliferation in response to
EGF in presence of Fc-hE beads in both cell lines (Figure 7,
A and B), indicating that E-cadherin ligation inhibits
EGF-stimulated cell growth through a �-catenin–dependent
mechanism. Moreover, in SW480/E-cadherin � �-catenin
(Figure 7C) and SW480/E-cadherin/�-catenin fusion cells
(Figure 7D), in which �-catenin cannot interact with E-cad-
herin, E-cadherin homophilic interactions had no effect on
cell proliferation induced by EGF. These data suggest that
the E-cadherin–�-catenin complex inhibits EGF-induced cell
growth just as it inhibits serum-dependent growth.

To determine how E-cadherin ligation might inhibit
EGFR-mediated growth signaling, we asked whether E-cad-
herin ligation could inhibit EGFR phosphorylation, the first
step in the transduction of the EGFR signal (Figure 8). For
these experiments, we used the A431 epithelial cell line,
because it expresses high levels of EGFR, making it better for
detecting specific protein modifications by immunofluores-
cence microscopy. A431 cells, like the other epithelial cell
lines used in this study, respond to E-cadherin ligation at the
cell surface, which reduces cell proliferation stimulated by
addition of EGF (Figure 8A). Addition of EGF to A431 cells
stimulated EGFR phosphorylation at Tyr1173 (Figure 8B), a
well-known autophosphorylation site that leads to activa-
tion of Ras/MAP kinase signaling cascade and subsequent
cell proliferation (Downward et al., 1984). Autophosphory-
lation of EGFR at Tyr1173 was detected within few minutes
and continued for at least 1 h, but Fc-hE beads had no effect
on Tyr1173 phosphorylation relative to control anti-HLA
beads (Figure 8C).

We also examined phosphorylation of EGFR at Tyr845, a
site that is transphosphorylated by c-Src after it is recruited
and activated by EGFR autophosphorylation (Boerner et al.,
2005). Phosphorylation of EGFR on Tyr845 is known to
mediate the phosphorylation and activation of STAT5b,
which leads to ERK-independent DNA synthesis (Olayioye
et al., 1999; Kloth et al., 2003; Boerner et al., 2005). EGF
stimulated EGFR phosphorylation at Tyr845 (Figure 8B),
and EGFR Tyr845 phosphorylation was significantly inhib-

ited by the presence of Fc-hE beads compared with the
control anti-HLA beads (Figure 8D). Therefore, E-cadherin
homophilic ligation selectively inhibits EGFR Tyr845 phos-
phorylation in response to EGF.

We then asked whether EGFR downstream signaling is
affected by E-cadherin homophilic ligation. We first exam-
ined EGF-stimulated ERK signaling, because it is a major
mitogenic pathway downstream of EGFR activation. In
A431 cells, the immunofluorescence staining of cytoplasmic
phosphorylated ERK (Figure 9A) is present in �30% of the
cells before addition of EGF, but the number of positive cells
increased transiently, lasting for �30 min. We observed only
a very small inhibition of ERK phosphorylation by Fc-hE
beads compared with control beads at 2 and 5 min, but no
effect at 10 and 30 min of EGF stimulation (Figure 9B). Thus,
E-cadherin ligation had minimal effect on ERK activation by
EGFR.

We also examined the activation of an alternative mito-
genic signaling pathway, the STAT5-dependent pathway
that results from phosphorylation of Tyr845 of the EGFR.

Figure 7. E-cadherin ligation inhibits EGF-stimulated cell growth
via a �-catenin–dependent mechanism. Cells were grown in 0.5%
FBS and incubated with 10 ng/ml EGF for 24 h. (A and B) Binding
of Fc-hE–coated microspheres to MCF-7 (A) and SW480/E-cadherin
FL (B) cells, respectively, inhibits cell growth mediated by EGF
treatment. EGF signaling is not affected by E-cadherin ligation when
�-catenin is depleted by siRNA. (C) No effect of E-cadherin ligation
when the �-catenin binding domain of E-cadherin is deleted. (D) No
effect of E-cadherin ligation when E-cadherin–�-catenin chimera is
expressed. Data are expressed as mean � SEM (*p � 0.05).
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EGF treatment of A431 cells stimulated a large increase in
the number of cells with cytoplasmic staining of p-STAT5
(Figure 9A), and p-STAT5 staining persisted for an hour
(Figure 9C). The appearance of p-STAT5 in response to EGF

Figure 8. E-cadherin ligation selectively inhibits EGF receptor
Tyr845 phosphorylation. (A) E-cadherin ligation inhibits EGF-in-
duced increase in growth of A431 cells. A431 cells plated in low
serum (0.5%) were incubated with 10 ng/ml EGF, and beads were
coated with either anti-HLA or Fc-hE for 24 h. The percentage of
cells entering S phase was determined by the cell proliferation
assay. (B) EGF treatment induces the immunofluorescence staining
of phosphorylated-EGFR (Tyr1173) and phosphorylated-EGFR
(Tyr845) in A431 cells. DAPI staining of nuclei is shown at bottom.
(C) E-cadherin ligation has no effect on EGFR autophosphorylation
at Tyr1173. A431 cells were serum starved and incubated with either
anti-HLA or Fc-hE–coated beads overnight, and then they were
stimulated with 10 ng/ml EGF for the indicated times and stained
with antibody to phosphorylated-EGFR (Tyr1173). The number of
p-EGFR (Tyr1173)-positive cells was counted and percentage of

positive cells was calculated. (D) E-cadherin ligation selectively
inhibited EGFR Tyr845 phosphorylation. A431 cells were treated as
in C and stained with antibody to phosphorylated-EGFR (Tyr845).
The number of p-EGFR (Tyr845)-positive cells was counted, and
percentage of positive cells was calculated. Data are expressed as
mean � SEM (*p � 0.05).

Figure 9. Effect of E-cadherin ligation on ERK and STAT5 activa-
tion. (A) EGF treatment induces the immunofluorescence staining of
phosphorylated-ERK and phosophorylated-STAT5 in A431 cells.
DAPI staining of nuclei is shown at bottom. (B) E-cadherin ligation
caused only a very small and transient inhibition of ERK phosphor-
ylation. A431 cells were serum starved and incubated with either
anti-HLA– or Fc-hE–coated beads overnight, and then they were
stimulated with 10 ng/ml EGF for the indicated times and stained
with antibody to phospho-ERK. The number of p-ERK–positive
cells was counted, and the percentage of positive cells was calcu-
lated. (C) E-cadherin ligation inhibited STAT5 phosphorylation.
A431 cells were treated as described in B and stained with antibody
to phospho-STAT5. The number of p-STAT5–positive cells was
counted and percentage of positive cells was calculated. #, no
p-STAT5–positive cells observed without EGF treatment. Data are
expressed as mean � SEM (* p � 0.05).
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treatment was significantly inhibited by incubation with
Fc-hE–cadherin beads at all times compared with the control
anti-HLA beads (Figure 9C). Together, these data suggest
that E-cadherin homophilic ligation inhibits the EGF-in-
duced cell growth by inhibiting the EGFR(Tyr845)/STAT5
pathway.

DISCUSSION

E-cadherin is known to be a tumor suppressor protein.
Re-expression of E-cadherin in epithelial cells that have lost
E-cadherin leads to an inhibition of cell proliferation (Perl et
al., 1998; Gottardi et al., 2001; Wong and Gumbiner, 2003). In
some cases, E-cadherin expression has been found to inhibit
cell growth by a mechanism that is independent of cell
adhesion, by its binding to �-catenin and subsequent inhi-
bition of Wnt signaling and �-catenin/TCF transcriptional
activity (Gottardi et al., 2001; Conacci-Sorrell et al., 2002).
Nonetheless, E-cadherin has also been proposed to mediate
contact inhibition of cell growth via its adhesive function at
the cell surface. However, it has been difficult to determine
whether E-cadherin directly transduces a growth inhibitory
signal upon homophilic binding, because of the complex
cellular consequences of adhesion. E-cadherin could signal
indirectly, because it controls the state of the entire epithelial
junctional complex and cell polarity, and it strongly influ-
ences the ability of cells to physically interact and signal
through juxtacrine mechanisms, i.e., other receptors that can
inhibit cell growth (Bosenberg and Massague, 1993; Fagotto
and Gumbiner, 1996). Therefore, we developed an experi-
mental approach to isolate the response to E-cadherin ho-
mophilic binding independently of all other cell interactions,
and we demonstrated that E-cadherin ligation directly trans-
duces a cell growth inhibitory signal in several epithelial
cells.

Several criteria showed that the effect of E-cadherin liga-
tion on cell growth is specific. Its effects were not simply due
to the binding of beads nonspecifically to cell surface glyco-
proteins; in all experiments, bead binding via antibodies to
other cell surface proteins, HLA antigen, or the Na�/K�-
ATPase served as negative controls. Nonspecific phagocyto-
sis of the E-cadherin beads could not have caused the
growth inhibition, because E-cadherin specifically inhibited
cell growth when it was presented as a substrate attached to
the glass coverslip. Moreover E-cadherin beads did not in-
hibit the growth of cells that were present in clusters, pre-
sumably because they already have endogenous cell adhe-
sions transducing a growth inhibitory signal. Finally, the
E-cadherin beads did not inhibit the growth of all cell types,
because they had no effect on the growth of the highly
transformed mesenchymal CHO cell line transfected to ex-
press E-cadherin. Thus, E-cadherin beads inhibit cell growth
by mimicking a normal cell contact rather than via a general
nonselective mechanism.

E-cadherin required the �-catenin binding domain to me-
diate growth inhibition, and �-catenin depletion by siRNA
blocked this growth inhibitory signal and increased cell
proliferation rate. In contrast to growth suppression result-
ing from E-cadherin overexpression or re-expression in pre-
vious studies, homophilic ligation did not inhibit cell growth
through antagonism of the Wnt pathway via inhibition of
�-catenin/TCF transcriptional activity. In MCF7 cells and
HT29 cells, perturbation of �-catenin/TCF transcriptional
activity had no effect on cell growth in our assay. Moreover,
the C-terminal transactivation domain of �-catenin required
for TCF-dependent transcriptional activity was not required
for the growth inhibitory signal. Strong inhibition of �-cate-

nin/TCF signaling in SW480 cells by dominant-negative
inhibitors reduced growth even independently of E-cad-
herin ligation, consistent with previous findings (Gottardi et
al., 2001). However, siRNA-mediated depletion of �-catenin
selectively inhibited E-cadherin ligation-induced inhibition
of cell growth, most likely because the siRNA depleted the
functional pool of �-catenin required for the ligation-in-
duced signal more significantly than the cytoplasmic/nu-
clear pool required for TCF-dependent transcription. Thus,
�-catenin mediates the growth inhibitory signal resulting
from E-cadherin homophilic ligation independently of its
well-known role in Wnt signaling.

Although it is difficult to identify the pool of �-catenin
responsible for the transduction of the ligation-induced sig-
nal definitively, �-catenin bound to E-cadherin at the plasma
membrane is probably responsible. Treatment with siRNA
strongly depleted the cadherin-bound fraction. Also, the
�-catenin binding domain of E-cadherin was required for
growth inhibition. It is unlikely that E-cadherin acts by
depleting a cytosolic pool of �-catenin, as has been observed
with cadherin overexpression (Shtutman et al., 1999;
Gottardi et al., 2001), because homophilic binding is not
known to alter the amount of �-catenin associated with
cadherins. Yet, E-cadherin–associated �-catenin must have a
function in signaling growth inhibition that is separate from
its role in the cell adhesive function of E-cadherin. The
E-cadherin–�-catenin chimera, which is known to mediate
strong adhesion (Nagafuchi et al., 1994; Gottardi et al., 2001),
was unable to transduce the growth inhibitory signal,
whereas an E-cadherin construct with a mutated p120-bind-
ing domain, which interferes with cell adhesion (Thoreson et
al., 2000), is still capable of transducing the growth inhibi-
tory signal. Furthermore, a mutant form of �-catenin lacking
the N-terminal �-catenin binding domain and unable to
form the full complex linked to the actin cytoskeleton is still
capable of transducing the growth inhibitory signal. To-
gether, these findings suggest that E-cadherin–associated
�-catenin acts to transduce a homophilic ligation induced
growth inhibitory signal by coupling E-cadherin to other
signaling molecules at the plasma membrane.

Numerous studies have reported that cadherins interact
with growth factor receptors, including VE-cadherin with
vascular endothelial growth factor (VEGF) receptor, N-cad-
herin with FGF receptor, and E-cadherin with EGFR
(Williams et al., 2001; Lampugnani et al., 2003; Qian et al.,
2004). Cadherins have been found to influence growth factor
receptor signaling, either activating (Pece and Gutkind,
2000) or inhibiting (Takahashi and Suzuki, 1996; Qian et al.,
2004) signaling. The EGFR has been shown to interact with
E-cadherin via �-catenin, and this interaction occurs through
the core armadillo repeat domain of �-catenin (Hoschuetzky
et al., 1994), the same region we found to be required to
transduce the E-cadherin ligation-induced signal for inhibi-
tion of cell growth. Therefore, we asked whether E-cadherin
homophilic ligation, independently of other cell contacts,
can regulate EGFR signaling.

We found that E-cadherin ligation inhibits EGF-stimu-
lated cell growth by a �-catenin–dependent process. Inhibi-
tion of EGFR signaling could occur at a very early stage of
EGFR signal transduction at the plasma membrane.
E-cadherin ligation did not interfere with EGFR autophos-
phorylation at Tyr1173 or ensuing activation of the mitogen-
activated protein kinase pathway, as measured by phospho-
ERK. However, it did inhibit a secondary receptor activation
step, the transphosphorylation of Tyr845. Phosphorylation
of EGFR on Tyr845 is thought to be dependent on the
recruitment and activation of c-Src, and it is known to me-
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diate the phosphorylation and activation of STAT5b in a
pathway leading to ERK-independent DNA synthesis
(Olayioye et al., 1999; Kloth et al., 2003; Boerner et al., 2005).
Notably, we found that E-cadherin ligation selectively inhib-
its the EGF stimulation of phospho-STAT5, consistent with
the selective inhibition of phosphorylation at Tyr845 of the
EGFR. Inhibition of STAT5 phosphorylation and activation
may account, at least in part, for the inhibition of EGF-
dependent cell proliferation by E-cadherin ligation. There-
fore, E-cadherin homophilic ligation does not seem to block
receptor activation itself, but instead it selectively inhibits a
subset of downstream signal transduction steps.

The detailed mechanism by which E-cadherin homophilic
ligation selectively inhibits a subset of EGFR signaling
events is unclear, but it may involve a poorly understood
complex of interacting proteins. In endothelial cells, �-cate-
nin and the DEP-1/CD148 phosphatase are required for
VE-cadherin–mediated inhibition of VEGF-induced prolifer-
ation (Lampugnani et al., 2003). Furthermore, VE-cadherin
limits cell proliferation by retaining VEGF receptor at the
membrane, and it decreased its internalization into signaling
compartments (Lampugnani et al., 2006). In mouse embryo
fibroblasts, the tumor suppressor protein merlin/NF2 has
been shown to be required for contact inhibition of cell
growth mediated by N-cadherin adhesion (Lallemand et al.,
2003). Interestingly, merlin/NF2 inhibits EGFR signaling at
an early step after receptor activation (Curto and
McClatchey, unpublished), similar to E-cadherin ligation.
Furthermore, E-cadherin and N-cadherin have been shown
to enhance growth factor signaling in some cell types (Pece
and Gutkind, 2000; Suyama et al., 2002), indicating that the
mechanism of coupling between cadherins and receptors
varies in different cells.

Contact inhibition is a complex phenomenon and many
different signaling mechanisms may be involved. Our find-
ings provide evidence for a direct signaling mechanism
through E-cadherin as a result of homophilic ligation. None-
theless, other cell–cell interactions indirectly influenced by
cadherins, such as other cell junctions or juxtacrine signaling
receptors, are likely to have roles in regulation of cell
growth. A pathway involving p21-activated kinase, merlin/
NF-2, and Rac has been found to mediate contact inhibition
of growth in endothelial cells (Okada et al., 2005), and other
junctional proteins such as discs large and scribble have
been shown to suppress cell proliferation in Drosophila epi-
thelia (Bilder et al., 2000). Furthermore, contact inhibition is
not a constitutive property of all epithelial cells; there are
times in development when tightly adherent cells undergo
very rapid proliferation. Elucidation of all the pathways
regulating contact inhibition of growth will be needed to
fully understand this phenomenon.
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